Antiferroelectric PbZrO 3 films had been grown on LaNiO 3 /Pt/Ti/SiO 2 /Si wafers using a sol-gel process. The electric field-induced antiferroelectric ͑AFE͒ to ferroelectric ͑FE͒ phase switching behaviors was examined by the polarization versus electrical field measurements as a function of temperature and film thickness. The AFE to FE phase switching was found to shift to lower temperature under a dc bias field. With increasing dc bias field, the FE phase region was enlarged and the FE to paraelectric phase transformation temperature shifted to higher temperature. The adjustability of the AFE phase to FE in temperature was weakened if the thickness of thin film decreased. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1569420͔ Antiferroelectric ͑AFE͒ materials show promising properties as microactuators and high-energy storage capacitors.
Antiferroelectric ͑AFE͒ materials show promising properties as microactuators and high-energy storage capacitors. [1] [2] [3] [4] [5] [6] [7] [8] They display a large field-induced strain resulting from the electric field-induced switching from the antiferroelectric to the ferroelectric ͑FE͒ state. 9 This switching field is temperature dependent as well as film thickness dependent. The field-induced ferroelectric phase is stable only under sufficiently high field, and at low fields FE returns to the AFE state. The phase switching between the antiferroelectric state and the ferroelectric state may also be changed by a hydrostatic pressure.
PbZrO 3 ͑PZ͒ is the most extensively studied antiferroelectric material. The AFE phase has an orthorhombic structure with the antipolar directions along the pseudocubic ͗110͘, while the FE phase has a rhombohedral structure with the polar directions in the pseudocubic ͗111͘. However, antiferroelectric-to-ferroelectric switching properties have not been investigated in details for highly oriented PbZrO 3 thin films or under a high dc bias, which were the objectives of this letter.
In this study, the highly pseudocubic ͑100͒-oriented PbZrO 3 thin films were prepared by sol-gel processing. The dc bias field and temperature-induced phase switching of antiferroelectric to ferroelectric were investigated as a function of film thickness.
Details of the sol-gel process for PbZrO 3 thin films can be found in a recent article by Zhai et al. 10 The deposition was carried out on the LaNiO 3 /Pt/Ti/SiO 2 /Si(100) substrates by spin coating each layer at 3000 rpm for 30 s. The use of LaNiO 3 ͑LNO͒ buffered substrates promoted strong preferred orientation of ͑100͒ plane; it also improved ferroelectric properties. 10 The thickness of LaNiO 3 , Pt, Ti, and SiO 2 layers on Si substrates were 150, 150, 50, and 150 nm, respectively. The LNO layer was deposited on platinumized Si substrates using the magnetron sputtering technique. 11 A postdeposition annealing at 800°C for 30 min promoted grain growth and alignment of the LNO buffer layer.
Each spun-on PZ layer was heat treated at 500°C for 5 min. The deposition and heat treatment were repeated several times to obtain different thickness films. A capping layer of 0.8 M PbO precursor solution was added at the end before the films went though a final anneal at 700°C for 30 min to form the single perovskite phase without measurable second phases. The capping PbO layer prevents excessive Pb loss, thus enabling complete crystallization into the perovskite phase.
For the electrical measurements, gold electrode pads of 400ϫ400 m 2 were made on top of the PbZrO 3 films by dc sputtering. Electrical properties were measured using an Agilent 4284A LCR meter, a Radiant Technologies Precision Pro ferroelectric tester and a HP 4140B. The sample temperature was varied using a hot stage. The phase and preferred orientation of the PZ films were studied using a SIEMENS D-500 powder x-ray diffractometer. The microstructure of the films was studied by transmission electron microscopy, whereas the film thickness and the surface morphologies were determined by scanning electron microscopy. Figure 1 shows x-ray diffraction ͑XRD͒ patterns taken at room temperature in Bragg-Brentano geometry from PZ films annealed at 700°C. Only the perovskite phase of PbZrO 3 was obtained, which had a strong preferred pseudocubic ͑100͒ orientation. No other peaks were measurable from the PZ films. Figure 2 shows the dielectric constant and dielectric loss paraelectric and antiferroelectric phases occurs about 220°C under zero dc bias. The ferroelectric phase between the paraelectric and the antiferroelectric phase is quite narrow in temperature. However, when the dc bias was applied, the transition point moved to lower temperature and the FE phase region enlarged. For example, under a dc bias field of 135 kV/cm the transition of antiferroelectric phase to ferroelectric phase was reduced to about 170°C whereas the transition from ferroelectric to paraelectric was shifted up a bit in temperature. When the dc bias field reached 265 kV/cm, the phase transformation of AFE to FE phase was lowered to about 85°C. Earlier results indicate that the dc bias field can adjust the AFE-FE transformation temperatures. From the dielectric data shown in Fig. 2 it can also be seen that for increasing dc bias the dielectric constant increases in the AFE phase region, but decreases in the FE phase region. These results show that the enhancement of long-range force by a dc bias tends to stabilize the low temperature FE phase, and extends its thermal stability region to higher temperatures. The peak from FE to PE was shifted to higher temperature and became increasingly broadened with dc bias field. This result is consistent with that found in the ͑Pb,La͒͑Zr,Ti͒O 3 ͑PLZT͒ ceramics. 12 This behavior could be attributed to the presence of a diffuse phase transition in the films and the character of diffuse phase transition is more obvious with increasing dc bias field.
The existence of a stable FE phase in the vicinity of the temperature corresponding to the dielectric constant maximum has been reported for PZ in both polycrystalline and single crystalline materials, which suggested the temperature stability range of the FE phase was less than 15°C. 13, 14 Tani et al. 15 reported that a wider temperature stability range ͑ϳ30°C͒ of the FE phase in ͑100͒-textured thin films. In our experiments, the FE phase of PbZrO 3 thin films had a stronger ͑100͒ preferred orientation so that the FE phase became stable over an even wider temperature range under high dc bias field.
The dielectric loss ͑tan ␦͒ is generally below 0.02 in the AFE region with decreasing values for thicker films. There exists an obvious change when the sample makes a transition from the AFE to FE state; the corresponding transition temperatures agree with those obtained from the dielectric constant data. A general trend of increasing tangent loss with temperature is also noted. Figure 3 shows the dielectric constant and tan ␦ loss as a function of temperature under dc bias field 175 kV/cm for different thickness of thin films. It is clearly seen that with increasing film thickness, the temperature range of the FE phase was enlarged. Under the same 175 kV/cm dc bias, the transition temperature of AFE to FE was 130, 141, 153, and 165°C for film thickness of 900, 450, 300, and 200 nm, respectively. The peak from AFE to FE was broadened with decreasing film thickness. A possible explanation for this behavior could be due to the fine structure ͑size effect͒ between individual grains, substrate, and thin film, which tends to smear out the transition region. The tan ␦ loss is rather sensitive to film thickness as suspected.
The polarization versus electric field curves of 900-nmthick thin films were measured from room temperature to 200°C ͑Fig. 4͒. The double hysteresis behavior became less pronounced with increasing temperature, eventually transformed into a regular ferroelectric polarization versus electric field ( P -E) curve. Figure 2 showed a clear indication of dielectric phase transition in PbZrO 3 thin film into the paraelectric phase at about 220°C for dc biasϭ0. The regular ferroelectric P -E curve was observed at only 180°C. Therefore, there is a stable FE phase at the transition point in PbZrO 3 antiferroelectric thin film into the paraelectric phase that can be extended under ac or dc field.
The phase transformation of AFE to FE was investigated in a broad temperature range. It is clearly shown in Fig. 5 that the magnitude of AFE to FE switching field decreases nearly linearly with temperature for the thickness of 450 and 900 nm thin films. On the other hand, as it can be seen in Fig. 6 , the magnitude of AFE to FE switching field decreases rapidly with film thickness. It turns out that, with decreasing film thickness, there is evidence of diminishing antiferroelectric behavior in favor of ferroelectric ordering. This is probably due to a combination of several effects, such as grain size, interface layer, and internal stress. The way that these effects play in modulating the switching field is obviously dependent upon film thickness.
In an ideal AFE material, the field-induced ferroelectric phase is stable only under sufficiently high field, and at low fields FE returns to the AFE state. An applied electric bias field and temperature can force the phase change between the antiferroelectric state and the ferroelectric state. Therefore, the FE phase was stabilized either by ͑1͒ heating the PZ thin films under a definite dc bias field or ͑2͒ applying a dc biases at room temperature. If the electric field and temperature were applied to the sample at the same time, the magnitude of AFE to FE switching field and transition point could be adjusted to some extent. All of the above behaviors depend on the thickness of thin films.
In summary, the electric field-induced AFE to FE phase switching was investigated in sol-gel processed PZ thin films with strong pseudocubic ͑100͒ preferred orientation. The AFE to FE phase switching can be adjusted in temperature as a function of dc bias field and the thin film thickness. With increasing dc bias field, the FE phase region was enlarged and the FE-paraelectric transformation temperature shifted to higher temperature. With decreasing film thickness, the adjustability from the AFE to FE in temperature is lowered. The observed electric field-induced shifting of AFE to FE transformation temperature makes the AFE materials attractive for uncooled infrared sensing applications, where the AFE to FE switching enhances the sensitivity over a small temperature range and the phase shifting broadens the operational temperature range. 
